Animals have evolved several chemosensory systems for detecting potentially dangerous foods in the environment. Activation of specific sensory cells within these chemosensory systems usually elicits an aversive behavioral response, leading to avoidance of the noxious foods. Although this aversive behavioral response can be adaptive, there are many instances in which it generates "false alarms," causing animals to reject harmless foods. To minimize the number of false alarms, animals have evolved a variety of physiological mechanisms for selectively adapting their aversive behavioral response to harmless noxious compounds. We examined the mechanisms underlying exposure-induced adaptation to specific "bitter" compounds in Manduca sexta caterpillars. M. sexta exhibits an aversive behavioral response to many plant-derived compounds that taste bitter to humans, including caffeine and aristolochic acid. This aversive behavioral response is mediated by three pairs of bitter-sensitive taste cells: one responds vigorously to aristolochic acid alone, and the other two respond vigorously to both caffeine and aristolochic acid. We found that 24 hr of exposure to a caffeinated diet desensitized all of the caffeine-responsive taste cells to caffeine but not to aristolochic acid. In addition, we found that dietary exposure to caffeine adapted the aversive behavioral response of the caterpillar to caffeine, but not to aristolochic acid. We propose that the adapted aversive response to caffeine was mediated directly by the desensitized taste cells and that the adapted aversive response did not generalize to aristolochic acid because the signaling pathway for this compound was insulated from that for caffeine.
All animals have chemoreceptor cells that respond to potentially toxic compounds, and activation of these cells usually elicits an aversive behavioral response (Dethier, 1993) . This aversive response is highly adaptive when animals encounter toxic substances (Garcia and Hankins, 1975) . The problem is that many nontoxic substances stimulate the same chemoreceptor cells, causing "false alarms" (Harley and Thorsteinson, 1967; Glendinning, 1994) . To overcome this problem, animals have evolved adaptation mechanisms that minimize the number of false alarms. For instance, chronic exposure to an oral irritant (Karrer and Bartoshuk, 1991) , acrid odorant Wysocki et al., 1997) , or "bitter" tastant (see references below) can adapt the aversive response to the same compound. Little is known, however, about what mediates this type of long-term adaptation. Here, we investigate how insects adapt to compounds that humans characterize as bitter.
It is known that dietary exposure to one bitter substance can adapt the aversive behavioral response to the same substance in rodents (Warren and Pfaffman, 1959; Zellner et al., 1985; Harder et al., 1989) and insects (Szentesi and Bernays, 1984; Usher et al., 1988; Glendinning and Gonzalez, 1995) . This self-adaptation process could be mediated by at least three mechanisms: (1) the taste cells that respond to the bitter substance become progressively more desensitized with exposure, diminishing their ability to activate the aversive response; (2) repeated exposure to the bitter substance habituates the central pathways that trigger the aversive response; or (3) an association forms between the bitter taste stimulus and a positive postingestive effect, leading to a conditioned preference.
Another feature of the exposure-induced adaptation process is that it generalizes to some but not all bitter substances (McBurney et al., 1972; Glendinning and Gonzalez, 1995) . The most parsimonious explanation for this cross-adaptation phenomenon is that animals have multiple signaling pathways for conveying information about bitter taste stimuli to the CNS, and each pathway has a different molecular receptive range. Accordingly, self-adaptation to one bitter substance would generalize to all other bitter substances that stimulate the same signaling pathway. In support of this hypothesis, there is evidence that different bitter taste stimuli may activate different subpopulations of bittersensitive taste cells in both insects (Glendinning et al., 1999a,b; van Loon and Schoonhoven, 1999) and mammals (Dahl et al., 1997; Danilova et al., 1999; Caicedo and Roper, 2001 ).
Here we evaluate the aforementioned mechanisms of self-and cross-adaptation in Manduca sexta caterpillars, using two compounds (caffeine and aristolochic acid) that taste bitter to humans and elicit an aversive behavioral response in these insects. The aversive behavioral response is mediated by three pairs of bittersensitive taste cells, each of which occurs in a different bilateral pair of gustatory sensilla (Fig. 1) . Here, we asked (1) whether dietary exposure to caffeine desensitizes all of the caffeineresponsive taste cells to caffeine and/or aristolochic acid; (2) whether the desensitization phenomenon is associated with an attenuated behavioral response to caffeine and/or aristolochic acid; and (3) whether the taste cells recover from desensitization.
MATERIALS AND METHODS
Caterpillar rearing procedure. In this and all subsequent experiments, we reared M. se xta caterpillars from eggs on a wheat germ-based artificial diet (Bell and Joachim, 1976) , and maintained them in an environmental chamber on a 16/8 hr light /dark cycle (27.5°C). We began all experiments with caterpillars in the first day of their fifth instar (i.e., larval growth stage). All caterpillars were naive to the taste stimuli before testing. To control for any potential differences among caterpillars from different egg batches, we interspersed individuals from each batch across experimental treatments. Sample sizes for each experiment are provided in the figure legends.
E xperiment 1: does dietar y e xposure to the caffeinated diet desensitize all caffeine-responsive taste cells? In this experiment, we used a noninvasive extracellular technique to record from the same caffeine-responsive taste cell, both before and after exposure to a caffeinated diet. We asked how exposure to the caffeinated diet altered the responsiveness of the entire population of caffeine-responsive taste cells. This taste cell population consists of two bilateral pairs of bitter-sensitive taste cells, one in the lateral styloconic sensilla and the other in the epipharyngeal sensilla (Fig.  1) . Previous work established that 48 hr of dietary exposure to caffeine desensitizes the bitter-sensitive taste cells in the lateral styloconic sensilla to caffeine (Glendinning et al., 1999b) . The goals of this experiment were to determine whether desensitization developed in Ͻ48 hr and to determine whether it also developed in the caffeine-responsive taste cells within the epipharyngeal sensilla.
Throughout this paper, we use the term "desensitization" to refer to the effect of caffeine exposure on taste cell responsiveness. This is done because previous work (Glendinning et al., 1999b) established that 48 hr of exposure to the caffeinated diet decreases the maximal response of the bitter-sensitive taste cells to all suprathreshold concentrations of caffeine by Ͼ50%, making the concentration -response curve virtually flat. Like Dalton (2000) , we use the term "adaptation" to refer to any exposureinduced reduction in behavioral responsiveness to a chemical stimulus. By using this broad definition of adaptation, we can integrate a broad range of f unctionally related exposure effects, which are mediated by different physiological mechanisms. We avoided an exclusive term like habituation because it refers to a highly specific form of nonassociative sensory learning (Thompson and Spencer, 1966; Leibrecht and Askew, 1980) .
The experimental protocol consisted of stimulating one lateral sensillum from individual caterpillars with 5 mM caffeine (in deionized water containing 0.1 M KC l, pH 5.7; Sigma-Aldrich, St. L ouis, MO). We used this caffeine concentration because it produces maximal firing rates in all caffeine-responsive taste cells of M. se xta (Glendinning et al., 1999a) . We kept the caterpillar in the experiment if the bitter-sensitive taste cell in its lateral sensillum responded to the caffeine solution with a firing rate of 50 Hz; the caterpillar was discarded if the same taste cell responded with a firing rate of Ͻ50 Hz. Although this screening criterion caused us to discard 8% of the caterpillars, it increased our chances of detecting desensitization because we included only caterpillars with responsive taste cells. Next, we removed the caterpillar from the recording apparatus (see below for details), let it recover for 1 hr from immersion in the electrolyte solution, and then offered it a caffeinated diet for one of four exposure periods: 6, 12, 24, or 48 hr. During this exposure period, the caterpillar could sample and /or ingest the caffeinated disk ad libitum; it was motivated to do so because it did not have another source of food or water. At the end of the exposure period, we stimulated the same lateral sensillum (and hence, the same bitter-sensitive taste cell located within this sensillum) with the 5 mM caffeine solution to determine the extent of desensitization. We did not need a control treatment in this experiment (i.e., one in which the caterpillar was offered a noncaffeinated diet) because we have shown previously that the responsiveness of the bittersensitive taste cell in the lateral styloconic sensillum to caffeine normally increases over the fifth instar when the caterpillars are maintained on a noncaffeinated diet (Glendinning et al., 1999b) .
We stimulated one epipharyngeal sensillum from each caterpillar with the 5 mM caffeine solution (see below for details). If the response of the bitter-sensitive taste cell within this sensillum met the screening criteria outlined above for the lateral sensillum, we put the caterpillar on a caffeinated or noncaffeinated diet for 24 hr. After the exposure period, we restimulated the same epipharyngeal sensillum (and hence, the same bitter-sensitive taste cell located within this sensillum) a second time with the 5 mM caffeine solution to determine whether its responsiveness to caffeine was altered by the exposure diet. Note that we used different caterpillars in the tests for desensitization of taste cells within the lateral and epipharyngeal sensilla.
We recorded neural responses of individual taste sensilla using a noninvasive extracellular tip-recording technique (Gothilf and Hanson, 1994; Glendinning et al., 1998) . In brief, we placed a glass electrode (containing a specific taste stimulus dissolved in 0.1 M KC l) over the tip of a lateral styloconic sensillum, or directly on top of an epipharyngeal sensillum (after deflecting the labrum back 90°from its normal position) (Fig. 1) , and then recorded excitatory responses of taste cells within the sensillum (de Boer et al., 1977; Glendinning et al., 1999a) . We were able to record from a bitter-sensitive taste cell, and then remove the caterpillar unharmed from the recording apparatus, within 20 min. The caterpillars invariably recovered from this procedure and began feeding normally within 45 min.
We recorded alternating current signals from individual taste sensilla with the Tasteprobe amplifier system (Syntech, Hilversum, The Netherlands) (Marion-Poll and Van der Pers, 1996) . We preamplified each recording 10 times, ran it through a bandpass filter set at 100 -1200 Hz, fed it into a computer through a 16-bit analog-to-digital converter board, and then analyzed it off-line with Autospike software (Syntech).
For each neural recording, we stimulated a sensillum for ϳ2000 msec and quantified the number of action potentials generated 0 -1000 msec after contact. We paused at least 3 min between each successive stimu- Figure 1 . Diagram of the head of a caterpillar, as viewed from below. An enlargement of one maxilla (indicated with an arrow) is provided to show the locations of the medial and lateral styloconic sensilla. The epipharyngeal sensilla are located underneath the labrum and thus are not visible in this diagram. Each of these gustatory sensilla contains one bitter-sensitive taste cell. We indicate which bitter-sensitive taste cells exhibit a vigorous excitatory response to caffeine and aristolochic acid in the right panel; these latter data are from Glendinning et al. (1999a) . This illustration was adapted from Bernays and Chapman (1994, their Fig. 3.4) . lation. To minimize the effects of solvent evaporation at the tip of the recording /stimulating electrode, we drew fluid from the tip with a piece of filter paper immediately before each stimulation. We tested only one member of each bilateral pair of gustatory sensilla per caterpillar.
Each taste sensillum contains three to four taste cells, and each taste cell within a sensillum exhibits a typical spike amplitude and temporal pattern of firing (Glendinning et al., 1999a (Glendinning et al., , 2000b . We used the idiosyncratic response features of each taste cell as a basis for discriminating action potentials from different taste cells.
We used the rearing diet (see above) as the substrate for the caffeinated exposure diet. We established a 7.7 mM/ kg caffeine concentration in the diet (fresh mass) by heating the agar-containing diet to ϳ60°C, adding the appropriate quantity of caffeine, stirring vigorously for 3 min, and then pouring the diet into Plexiglas molds (2 ϫ 3 ϫ 1.5 cm). One diet block contained enough food to sustain a caterpillar for 24 hr. We used the 7.7 mM/ kg concentration of caffeine because we have shown previously that 48 hr of exposure to a diet containing this concentration markedly desensitized the bitter-sensitive taste cell in the lateral styloconic sensilla to caffeine (Glendinning et al., 1999a,b) . We prepared the noncaffeinated diet similarly, but neglected to add caffeine.
The diet exposure protocol consisted of placing a caterpillar in a sealed plastic deli-cup (160 ml volume with a vented lid) and then offering it the caffeinated or noncaffeinated diet for the predetermined period of time.
In those instances in which we exposed a caterpillar to a diet for Ͼ24 hr, we gave it a fresh diet block each day.
To quantif y the extent of desensitization in the lateral sensilla, we divided the response of a bitter-sensitive taste at the end of the exposure period by that obtained from the same taste cell before the exposure period; this value was then multiplied by 100 to yield the "percentage of initial response." To determine the extent of desensitization in the epipharyngeal sensilla, we compared the neural response of individual taste cells to the 5 mM caffeine solution both before and after exposure to the caffeinated or noncaffeinated diet, using the Wilcoxon matchedpairs signed-rank test (␣ ϭ 0.05). We concluded that desensitization occurred if exposure to the caffeinated diet (but not the noncaffeinated diet) significantly reduced the neural response.
E xperiment 2: does e xposure to the caffeinated diet alter the responsiveness of taste cells to aristolochic acid? Previous work in our laboratory established (1) that caffeine and aristolochic acid stimulate the same bitter-sensitive taste cell in both the lateral and epipharyngeal sensilla, through different transduction mechanisms (Glendinning and Hills, 1997, Glendinning et al., 1999a) ; but (2) that exposure to the caffeinated diet does not diminish the responsiveness of the bitter-sensitive taste cell in the lateral styloconic sensilla to aristolochic acid (Glendinning et al., 1999b) . The goal of this experiment was to determine whether exposure to the caffeinated diet altered the response of the bitter-sensitive taste cell in the epipharyngeal sensilla to aristolochic acid (sodium salt; Sigma-Aldrich).
We used the same basic protocol described in experiment 1, with only minor differences. We stimulated the bitter-sensitive taste cell with 0.1 mM aristolochic acid (in deionized water containing 0.1 M KC l), both before and after exposure to either the caffeinated diet or noncaffeinated diet. We selected the 0.1 mM concentration of aristolochic acid because it elicits a maximal excitatory response in the bitter-sensitive taste cell within the epipharyngeal sensilla (Glendinning et al., 1999a) . We compared the response of each bitter-sensitive taste cell with the taste stimulus before and after the exposure period, separately for each diet treatment, using the Wilcoxon matched-pairs signed-rank test (␣ ϭ 0.05).
E xperiment 3: does the desensitization phenomenon adapt the aversive behavioral response to caffeine? This experiment asked whether desensitization phenomenon altered the behavioral response of caterpillars to caffeine. In particular, we asked whether 24 hr of exposure to the caffeinated diet attenuated their aversive response to caffeine.
We used a brief-access biting assay to assess the ingestive responses of individual caterpillars to 5 mM caffeine. Because this assay lasted only 2 min, we could be relatively confident that the ingestive responses of the caterpillars were mediated principally by the gustatory effects of caffeine and not by postingestive feedback. This interpretation is supported by the finding that ablation of all taste sensilla containing caffeineresponsive taste cells (i.e., the lateral styloconic and epipharyngeal sensilla) completely eliminates the aversive behavioral response to caffeine during this 2 min biting assay (Glendinning et al., 1999a) .
Our brief-access biting assay consisted of the following steps. First, we placed a caterpillar in the "food-deprivation arena," which consisted of a clean (inverted) Petri dish covered with a clear plastic cylinder (7.5 cm in diameter and 10 cm tall), and then fasted it for 30 min to standardize its "hunger" state. Next, we transferred the caterpillar to the "test arena," which was identical to the food-deprivation arena in all respects except that a piece of cork (1 cm in diameter, 3-4 mm high) had been taped to the middle of the Petri dish. Immediately before a biting assay, we pinned a glass-fiber disk (Whatman GF/A, 4.25 cm diameter; Whatman International L td, Maidstone, UK) to the piece of cork and then moistened it with 400 l of deionized water. Next, we placed the caterpillar on the edge of the disk, positioning it so that its legs and prolegs grasped the edge of the disk securely. Once the caterpillar brought its mouth parts into contact with the glass fiber disk and took a bite, we began the 2 min biting assay. We recorded the timing of each bite with a software-based event recorder. At the end of the assay, we removed the caterpillar from the disk, taking care to prevent the caterpillar from tearing the edge of the disk. If the caterpillar took Ͻ50 bites from the water-treated disk during the 2 min biting assay, we removed it from the experiment (this amounted to only 6% of the caterpillars). If the caterpillar took Ն50 bites, we gave it 30 min of ad libitum access to its exposure diet, food-deprived it for 30 min, and then ran it through a second 2 min biting assay, using a disk moistened with 400 l of 5 mM caffeine (in deionized water). The observer was blind with respect to the nature of the exposure diet of the caterpillar.
Our rationale for this experimental design was as follows. The watertreated disk served as a positive control, ensuring that we included in the experiment only those caterpillars that fed readily on the disks in the absence of caffeine. Thus, whenever the caterpillar took Ն50 bites from the water-treated disk and Ͻ50 bites from the caffeine-treated disks, we assumed that they had accepted the former and rejected the latter.
Given that the disks constituted a novel food for the caterpillars, we took two precautions to minimize the chances that the caterpillars would reject the disks based solely on their novelty. First, 60 min before the biting assay of a caterpillar, we offered it a disk wetted with 400 l of deionized water for 10 min. During this time, the caterpillar was free to investigate and /or ingest the disk ad libitum; we did not, however, record any of these behaviors. At the end of the 10 min period, we returned the caterpillar to its home cage with its exposure diet. Second, we treated all disks (both control and chemically treated, in this and all subsequent experiments) with 400 l of leaf surface extract from tobacco leaves (Nicotiana tabacum, 35 S-gus variety). We reasoned that this extract would promote consumption of the disks, because tobacco leaves are highly preferred foods for M. se xta caterpillars. To make the leaf surface extract, we immersed three large tobacco leaves (base to tip length: 25-30 cm) in 50 ml of chloroform for 30 sec, agitating each leaf gently.
We analyzed three aspects of the ingestive response of each caterpillar to the water-and caffeine-treated test disks during the 2 min biting assay: (1) total disk area eaten (in mm 2 ) during the 2 min biting assay, using a digitization procedure described previously (Glendinning et al., 2000b) ; (2) total number of bites taken over the 2 min biting assay; and (3) bite size by dividing total area of disk eaten by total number of bites (units ϭ mm 2 / bite). To determine whether the exposure to the caffeinated diet adapted the aversive behavioral response to caffeine, we used a within-animal analysis. That is, we compared ingestive responses to the water-and caffeinetreated disks separately for individuals exposed to the caffeinated or noncaffeinated diet. To compare total intake, the number of bites during the initial 10 sec of the feeding test (i.e., initial biting activity), the total number of bites across the entire 2 min assay, and bite size, we made pairwise comparisons (separately for each response variable) between the response of each caterpillar to the water-and caffeine-treated disks, using Wilcoxon matched-pairs signed-rank tests (one-tailed; p Յ 0.01).
E xperiment 4: does the desensitization phenomenon adapt the aversive behavioral response to aristolochic acid? In this experiment, we asked whether exposure to the caffeinated diet alters the aversive behavioral response to aristolochic acid (sodium salt; Sigma-Aldrich). We used virtually the same experimental procedures outlined in the previous experiment. The only difference was that we compared the ingestive response of each caterpillar to a glass-fiber disk treated with 400 l of deionized water versus one treated with 400 l of 0.1 mM aristolochic acid (in deionized water, pH 5.7). We used the 0.1 mM concentration of aristolochic acid because previous studies have established that it maximally stimulates the bitter-sensitive taste cells in the lateral and epipharyngeal sensilla (Glendinning et al., 1999a) .
E xperiment 5: could the bitter-sensitive taste cells in the lateral and epiphar yngeal sensilla activate the aversive behavioral response af ter dietar y e xposure to caffeine? The previous experiment asked whether the expo-sure to the caffeine diet attenuated the aversive behavioral response to aristolochic acid. However, it did not enable us to address a more subtle question: are the bitter-sensitive taste cells in the lateral and epipharyngeal sensilla, after being desensitized to caffeine, still capable of eliciting an aversive behavioral response to aristolochic acid? The reason for the ambiguity is that M. se xta has a bilateral pair of bitter-sensitive taste cells in the medial styloconic sensilla that responds vigorously to aristolochic acid and only weakly to caffeine (Fig. 1) . Given that the bitter-sensitive taste cells in the medial sensillum are sufficient to mediate the aversive behavioral response to aristolochic acid but not caffeine (Glendinning et al., 1999a) , their presence could explain why the caterpillars (after dietary exposure to caffeine) still exhibited an aversive behavioral response to aristolochic acid. To resolve this issue, we repeated experiment 4 but surgically ablated the medial styloconic sensilla of the caterpillars before conducting the feeding tests.
We used the following procedure to make the ablations. We secured the head of each caterpillar with a latex gasket, inserted it backwards into a water-filled vial (which induced complete anesthesia within 5 min), and then, under a dissecting microscope, quickly removed the distal half of both medial sensilla with microdissection scissors. Within 1 hr of removing the caterpillar from the vial, all caterpillars were feeding and locomoting normally. At this point, we placed the caterpillar on its respective exposure diet (caffeinated or noncaffeinated) and let it ingest the diet ad libitum for 24 hr. At the end of the exposure period, we inspected the caterpillar for incomplete ablation or other signs of surgical complications. Because none of the caterpillars showed any such problems, we subjected all of them to the same feeding test described in experiment 4. E xperiment 6: do the bitter-sensitive taste cells recover f rom caffeineinduced desensitization? The goal of this experiment was to determine whether the bitter-sensitive taste cell in the lateral and epipharyngeal sensilla recovers from the caffeine-induced desensitization phenomenon, and if so, how long the recovery takes.
Our four-step experimental protocol was as follows. (1) We recorded the baseline response of the bitter-sensitive taste cell in either the lateral styloconic or epipharyngeal sensilla to 5 mM caffeine. If the response was Ͻ50 Hz, the caterpillar was discarded. (This screening criteria caused us to reject 4% of the caterpillars.) If the response was Ն50 Hz, we extracted the caterpillar from the recording apparatus, let it recover for 1 hr, and then offered it the caffeinated diet for 24 hr. (2) After this exposure period, we recorded the response of the same bitter-sensitive taste cell to 5 mM caffeine a second time. If the bitter-sensitive taste cell was desensitized (i.e., its response to 5 mM caffeine was Յ50% of its baseline response), the caterpillar was kept in the experiment; otherwise, the caterpillar was discarded. (This screening criterion caused us to reject 10% of the caterpillars.) We then offered the noncaffeinated diet to the caterpillar for 24 hr. (3) After this exposure period, we recorded the response of the same bitter-sensitive taste cell to 5 mM caffeine for a third time, and then returned the caterpillar to the noncaffeinated diet for another 24 hr. (4) After this final exposure period, we recorded the response of the same bitter-sensitive taste cell to 5 mM caffeine for the fourth and last time. We considered a desensitized taste cell to have "recovered" if its responsiveness to caffeine returned to the level observed before exposure to the caffeinated diet.
RESULTS

Experiment 1: does dietary exposure to the caffeinated diet desensitize all caffeine-responsive taste cells?
Exposure to the caffeinated diet substantially reduced the responsiveness of the bitter-sensitive taste cell in the lateral styloconic sensillum to 5 mM caffeine (Fig. 2) . The extent of this desensitization increased steadily over the initial 24 hr of exposure but leveled off at ϳ45% of the baseline response, after additional exposure (Fig. 1) . Based on these results, we used a 24 hr exposure period for all subsequent experiments.
We found that 24 hr of exposure to the caffeinated diet also significantly desensitized ( p Յ 0.05) the bitter-sensitive taste cell in the epipharyngeal sensillum to 5 mM caffeine (Fig. 3) . In contrast, exposure to the noncaffeinated diet did not produce any systematic changes in responsiveness of the same taste cell to 5 mM caffeine.
Experiment 2: does the desensitization phenomenon alter the responsiveness of taste cells to aristolochic acid?
We have shown previously that exposure to the caffeinated diet does not desensitize the bitter-sensitive taste cell in the lateral styloconic sensillum to aristolochic acid (Glendinning et al., 1999b) . Here, we found that 24 hr of dietary exposure to the caffeinated (or noncaffeinated) diet failed to produce any significant ( p Ͼ 0.05) changes in responsiveness to 0.1 mM aristolochic acid (Fig. 4) . Thus, the caffeine-induced desensitization phenomenon does not generalize to aristolochic acid.
Experiment 3: does the desensitization phenomenon adapt the aversive behavioral response to caffeine?
The caterpillars exposed to the noncaffeinated diet fed readily on the water-treated (i.e., control) disk but exhibited an aversive behavioral response to the caffeine-treated disk (Fig. 5A-D) . This aversive response was manifested as a significant reduction in overall consumption, initial biting rate, total number of bites, and size of individual bites (across the 2 min test). Thus, the aversive response was robust and rapid.
The caterpillars exposed to the caffeinated diet fed with equal vigor on the water-and caffeine-treated disks, indicating that the aversive behavioral response to caffeine was adapted by 24 hr of exposure to the caffeine diet ( Fig. 5E-H ) . There was no significant difference in overall consumption, initial biting rate, or bite size on the two type of disks. The caterpillars took significantly Figure 2 . Change in the responsiveness of the bittersensitive taste cell within the lateral styloconic sensillum to caffeine after 6, 12, 24, or 48 hr of exposure to the caffeinated diet. We recorded the excitatory response (impulses per second) of a single taste cell to 5 mM caffeine, both before and after each dietary exposure period. A, To quantify the extent of desensitization after each exposure period, we divided the response at the end of the exposure period by that obtained from the same taste cell before the exposure period; this value was then multiplied by 100 to yield the percentage of initial response. All data are presented as median Ϯ median absolute deviation. The number of caterpillars subjected to each exposure period ranged from 14 to 19. B, Representative responses of a lateral styloconic sensillum to 5 mM caffeine before and after 24 hr of exposure to the caffeinated diet. In both traces, only the bittersensitive taste cell is firing. The vertical arrow above the top trace indicates the onset of stimulation.
fewer total bites on the caffeine-treated disk (across the 2 min test), but this difference was small compared with that observed in the caterpillars exposed to the noncaffeinated diet (Fig. 5, compare C and G) .
It is notable that the caterpillars exposed to the caffeinated diet took fewer overall bites from both the water-and caffeine-treated disks than did the caterpillars exposed to the noncaffeinated diet (Fig. 5C,G) . When we subjected the caterpillars from both diet treatments to gross tests of motor function (e.g., laid them on their back and observed how long they took to right themselves, and then observed them locomoting), they all righted themselves and locomoted in a similar manner, implying that exposure to the caffeinated diet did not impair gross motor function. The only obvious difference between to two groups was that the caterpillars on the caffeinated diet weighed less than those on the noncaffeinated diet (2.82 Ϯ 0.07 vs 4.00 Ϯ 0.10 gm, respectively).
Experiment 4: does the desensitization phenomenon adapt the aversive behavioral response to aristolochic acid?
The caterpillars exposed to the noncaffeinated diet fed readily on the water-treated (i.e., control) disk but exhibited an aversive behavioral response to the aristolochic acid-treated disks (Fig.  6 A-D) . This aversive response was manifested as a significant reduction in overall consumption, initial biting rate, total number of bites, and bite size.
The caterpillars exposed to the caffeinated diet also exhibited a robust aversive response to the aristolochic acid-treated disk (Fig.  6 E-H ), demonstrating that the caffeine-induced adaptation phenomenon does not generalize to aristolochic acid. The caterpillars fed less vigorously on the aristolochic acid-treated diet across the entire 2 min feeding test.
Experiment 5: could the bitter-sensitive taste cells in the lateral and epipharyngeal sensilla activate the aversive behavioral response after dietary exposure to caffeine?
Despite the loss of the bitter-sensitive taste cells in the medial styloconic sensilla, the caterpillars nevertheless exhibited a robust aversive behavioral response to the aristolochic acid-treated disk, irrespective of whether they had been exposed to the caffeinated or noncaffeinated diets ( Fig. 7A-H ) . The only notable effect of the medial sensilla ablations was in the caterpillars exposed to the noncaffeinated diet: the size of the bites on the water-and aristolochic acid-treated disks was statistically indistinguishable. Thus, sensory input from the bitter-sensitive taste cell in the lateral and epipharyngeal sensilla is sufficient for activation of the aversive behavioral response to aristolochic acid in caterpillars exposed to the caffeinated diet.
Experiment 6: do the bitter-sensitive taste cells recover from caffeine-induced desensitization?
Our results indicate that the bitter-sensitive taste cells in the epipharyngeal and lateral styloconic sensilla recover fully from Figure 3 . Excitatory response (impulses per second) of the bitter-sensitive taste cell in the epipharyngeal sensillum to 5 mM caffeine, both before and after 24 hr of exposure to the noncaffeinated or caffeinated diet. A, Median responsiveness (Ϯ median absolute deviation) of the epipharyngeal sensilla to 5 mM caffeine both before and after exposure to the noncaffeinated or caffeinated diet. For each diet treatment, we tested a total of 11 epipharyngeal sensilla, each from different caterpillars. We determined whether either exposure diet altered the responsiveness of the taste cells to caffeine with the Wilcoxon matched-pairs signed-rank test (*p Ͻ 0.05). B, Representative responses of an epipharyngeal sensillum to 5 mM caffeine both before and after exposure to the caffeinated diet. In both traces, only the bitter-sensitive taste cell is firing. The vertical arrow above the top trace indicates the onset of stimulation. Figure 4 . Excitatory response (impulses per second) of the bitter-sensitive taste cell in the epipharyngeal sensillum to 0.1 mM aristolochic acid, both before and after 24 hr of exposure to the noncaffeinated or caffeinated diet. A, Median responses (Ϯ median absolute deviation) of the epipharyngeal sensilla to 0.1 mM aristolochic acid before and after exposure to the noncaffeinated or caffeinated diet.
For each diet treatment, we tested a total of 11 epipharyngeal sensilla, each from different caterpillars. Neither exposure diet altered the responsiveness of taste cells to aristolochic acid (Wilcoxon matched-pairs signed-rank test; p Ͼ 0.05). B, Representative responses of an epipharyngeal sensillum to 0.1 mM aristolochic acid before and after exposure to the caffeinated diet. In both traces, one taste cell is firing at a consistent rate (the bitter-sensitive taste cell) and others (indicated by arrowheads) are firing irregularly and less frequently; the latter taste cells are responding to the KCl in the stimulating solution. The vertical arrow above the top trace indicates the onset of stimulation.
the desensitization phenomenon, once the caterpillar is returned to a noncaffeinated diet (Fig. 8 A,B) . This recovery process, however, takes almost twice as long as the onset process (i.e., 48 vs 24 hr, respectively). As can be seen in Figure 8 , the responsiveness of the bitter-sensitive taste cells to caffeine 24 hr after being transferred to the noncaffeinated diet (i.e., at 48 hr), was still significantly below that observed at the beginning of the experiment (i.e., at 0 hr). In contrast, the responsiveness of the bitter-sensitive taste cells to caffeine 48 hr after being transferred to the noncaffeinated diet (i.e., at 72 hr), was statistically indistinguishable from that at 0 hr.
DISCUSSION
We found that dietary exposure to the caffeinated diet desensitized all caffeine-responsive taste cells to caffeine. The desensitization developed gradually over time, reaching its maximum 24 hr after the onset of dietary exposure. Once we returned the caterpillars to the noncaffeinated diet, their caffeine-responsive taste cells gradually recovered their responsiveness to caffeine over a period of 48 hr, revealing the plastic nature of this phenomenon. Although other studies have documented exposureinduced desensitization of bitter-sensitive taste cells (Schoonhoven, 1969 (Schoonhoven, , 1976 Simmonds and Blaney, 1983; Blaney and Simmonds, 1987) , none have done so for the entire population of taste cells that responds to the desensitizing bitter substance, and none have documented that the taste cells can recover from the exposure-induced desensitization. We proposed three hypothetical mechanisms to explain how exposure to a caffeinated diet could adapt the aversive behavioral response to caffeine. The first was that the caffeine-responsive taste cells could become progressively more desensitized with repeated exposure, diminishing their ability to elicit the aversive behavioral response. We found clear support for this mechanism: the desensitization phenomenon reduced the responsiveness of all caffeine-responsive taste cells by Ͼ55%. We believe that this level of desensitization was sufficient to adapt the aversive behavioral response because we have shown previously (Glendinning et al., 1999a) that firing rates in the bitter-sensitive taste cells, comparable with those produced by the desensitized taste cells in this study (i.e., Ͻ40 spikes/sec), did not elicit an aversive behavioral response in M. sexta that had been maintained on a noncaffeinated diet.
The second hypothetical mechanism was that dietary exposure to caffeine could have habituated the central pathways that trigger the aversive behavioral response. Although we cannot reject this hypothesis, we think the magnitude of the peripheral desensitization phenomenon was so great that it would have either prevented habituation from taking place or rendered it unnecessary. The third hypothetical mechanism was that the caterpillars could Figure 5 . Ingestive responses of caterpillars to disks treated with water alone (control) or 5 mM caffeine after 24 hr of exposure to a noncaffeinated (n ϭ 17) or caffeinated (n ϭ 21) diet. We determined four ingestive parameters from the 2 min, brief-access biting assay: total intake (A, E), number of bites during the initial 10 sec of the assay (B, F ), total number of bites over the 2 min assay (C, G), and bite size (D, H ) . We compare the median (Ϯ median absolute deviation) values within each panel using the Wilcoxon matched-pairs signed-rank test (*p Ͻ 0.05). Figure 6 . Ingestive responses of caterpillars to disks treated with water alone (control) or a 0.1 mM aristolochic acid solution after 24 hr of exposure to a noncaffeinated (n ϭ 18) or caffeinated (n ϭ 19) diet. We determined four ingestive parameters from the 2 min, brief-access biting assay: total intake (A, E), number of bites during the initial 10 sec of the assay (B, F ), total number of bites over the 2 min assay (C, G), and bite size (D, H ). We compare the median (Ϯ median absolute deviation) values within each panel using the Wilcoxon matched-pairs signed-rank test (*p Ͻ 0.05).
learn to associate the sensory input provided by caffeine with a positive postingestive effect and thereby develop a preference for caffeine. This type of conditioning has been observed in rats and humans for several bitter taste stimuli (Naim et al., 1977; Zellner et al., 1985; Sclafani, 1991; Falk et al., 1999) , including caffeine (Kuznicki and Turner, 1986) . However, the caffeine-exposed caterpillars never developed a preference for caffeine (i.e., they did not bite more vigorously on the caffeine-treated disk than on the water-treated disk). Instead, their ingestive response to caffeine changed from aversion to indifference over the exposure period, implying that they simply lost their ability to taste the caffeine.
Lack of cross-adaptation to aristolochic acid
We found that adaptation of the aversive behavioral response to caffeine did not generalize to aristolochic acid. This lack of cross-adaptation between bitter taste stimuli has been reported previously for humans (McBurney et al., 1972) and insects (Glendinning and Gonzalez, 1995) , but virtually nothing was known about the underlying physiological mechanisms. Our findings indicate that the specificity of the adaptation process in M. sexta occurs because exposure to the caffeinated diet selectively desensitized the bitter-sensitive taste cells to caffeine, leaving their responsiveness to aristolochic acid unaltered. As a result, the bitter-sensitive taste cells in the medial, epipharyngeal, and/or lateral styloconic sensilla were able to elicit a vigorous aversive behavioral response to aristolochic acid.
In the final experiment, we sought to confirm that the bittersensitive taste cells in the lateral and epipharyngeal sensilla were capable of activating an aversive behavioral response to aristolochic acid, even after they had been desensitized to caffeine. To answer this question, we ablated the medial sensilla (which contains a bitter-sensitive taste cell that responds vigorously to aristolochic acid but not caffeine) from a group of caterpillars and subsequently recorded their aversive behavioral response to aristolochic acid after 24 hr of exposure to the caffeinated diet. We found that these ablated caterpillars exhibited a normal aversive behavioral response to aristolochic acid, demonstrating that desensitizing the taste cells to caffeine does not impair their ability to elicit an aversive behavioral response to aristolochic acid. If follows, therefore, that desensitization of the signaling pathway for caffeine does not diminish the ability of the signaling pathway for aristolochic acid to elicit an aversive response. Thus, the signaling pathway for aristolochic acid appears to be functionally insulated from that for caffeine.
The prevalence of insulated signaling pathways in the chemosensory cells of other animal taxa is unclear. The only other documented example involves the nematode, Caenorhabditis elegans, which has chemosensory cells that express at least two signaling pathways. These chemosensory cells can be desensitized (through chronic exposure) to ligands that stimulate one signaling pathway and yet retain sensitivity to ligands that stimulate a different signaling pathway (Colbert and Bargmann, 1995; Carlson, 2000; L'Etoile and Bargmann, 2000) . The situation in vertebrates, however, is less well understood. For example, although it is known that individual taste cells contain several bitter receptors Chandrashekar et al., 2000) and/or signaling pathways (Bernhardt et al., 1996; Rössler et al., 2000) , the question of whether these different receptors or signaling pathways can be desensitized independently of one another has apparently not been examined. In addition, a variety of signaling pathways for bitter taste stimuli have been discovered in vertebrate taste cells (for review, see Glendinning et al., 2000a) , but it is unclear whether any of these pathways (1) are coexpressed within the same taste cell, or (2) can be desensitized through chronic exposure. Ingestive responses of caterpillars, lacking their medial styloconic sensilla, to disks treated with water alone (control) or a 0.1 mM aristolochic acid solution after 24 hr of exposure to a noncaffeinated (n ϭ 14) or caffeinated (n ϭ 15) diet. We determined four ingestive parameters from the 2 min, brief-access biting assay: total intake (A, E), number of bites during the initial 10 sec of the assay (B, F ), total number of bites over the 2 min assay (C, G), and bite size (D, H ) . We compare the median (Ϯ median absolute deviation) values within each panel using the Wilcoxon matched-pairs signed-rank test (*p Ͻ 0.05). Figure 8 . Recovery from desensitization in the bitter-sensitive taste cell within the epipharyngeal sensilla ( A) or lateral styloconic sensilla ( B). We offered each caterpillar the caffeinated diet for the initial 24 hr and then the noncaffeinated diet over the next 48 hr. We recorded the response of the epipharyngeal (n ϭ 4) or lateral (n ϭ 20) sensilla of a caterpillar to 5 mM caffeine four times: at the onset of the experiment (0 hr), at the end of the caffeine exposure period (at 24 hr), and then twice after the caterpillar was returned to the noncaffeinated diet (at 48 and then 72 hr). We made paired comparisons between the neural response at 0 hr and that at 48 and 72 hr, using the Wilcoxon matched-pairs signed-rank test (*p Ͻ 0.025).
We should note that some animal species use "cross talk" between coexpressed signaling pathways as a mechanism for peripheral signal processing. For instance, many lobster olfactory cells express at least two transduction pathways; in some cases, these pathways act antagonistically (i.e., one depolarizes and the other hyperpolarizes the cell) (Ache and Zhainazarov, 1995) , and in other cases they act additively (i.e., they both depolarize the cell) (Cromarty and Derby, 1997) .
Mechanisms underlying the desensitization phenomenon
We determined previously that the caffeine-induced desensitization phenomenon is produced by a local effect of caffeine on the bitter-sensitive taste cells, rather than, for instance, through a centrifugal neural mechanism (Glendinning et al., 1999b) . This was accomplished by dripping a 5 mM caffeine solution directly onto a single lateral sensillum intermittently for 24 hr and showing that the desensitization phenomenon did not transfer to the contralateral bitter-sensitive taste cell. In addition, by preventing the caterpillar from ingesting the caffeine solution as it dripped onto the sensillum, we eliminated the possibility that the desensitization stemmed from a systemic effect of ingested caffeine in the blood on the bitter-sensitive taste cell.
Although little is known about how caffeine actually produces this desensitization phenomenon, we can draw several inferences based on results from this study and others (Glendinning and Hills, 1997; Glendinning et al., 1999b) . First, the fact the bittersensitive taste cell adapted to caffeine without adapting to aristolochic acid strongly suggests that it expresses two kinds of bitter receptors, which couple to different signaling pathways. Second, our results suggest that these bitter receptors, or their downstream transduction pathways, can be desensitized individually. Third, although receptor phosphorylation could have produced the desensitization (Dawson et al., 1993) , a reduction in receptor expression is more likely because of the slow rate of adaptation. It is also possible that caffeine accumulated within the taste cell and interfered with its own signaling pathway. A general inhibition of the taste cell by hyperpolarization is an unlikely mechanism because it would have affected both the caffeine-and aristolochic acid-activated transduction pathways.
Clearly, more work is needed to explain the desensitization phenomenon. Two important questions to examine would be: why does desensitization take 24 hr to develop and 48 hr to recover, and why does it only produce a 55% (as opposed to a 100%) reduction in responsiveness to caffeine?
Conclusion
When M. sexta is exposed chronically to an unpalatable caffeinated diet, we found that it gradually adapts its aversive behavioral response to the diet, enabling it to consume the diet and meet its nutritional needs. The adaptation process, however, does not render M. sexta unresponsive to all bitter and potentially toxic bitter compounds. It retains its responsiveness to another bitter compound, aristolochic acid, which is substantially more toxic than caffeine to M. sexta (J. Glendinning, unpublished data).
We have also established previously that when M. sexta is exposed to a toxic aristolochic acid diet, its bitter-sensitive taste cells do not become desensitized to aristolochic acid (Glendinning et al., 1999b) , and it does not experience any behavioral adaptation to the diet (Glendinning, unpublished data) . This latter finding establishes that long-term adaptation mechanisms are not activated by all noxious compounds. Instead, they appear to be activated selectively by relatively harmless compounds and enable insects like M. sexta to minimize the number of false alarms that they exhibit toward foods containing bitter but harmless compounds.
